Introduction
Multifunctional zeolites have attracted worldwide attention; zeolites are aluminosilicate crystals with a three-dimensional framework of SiO 4 and AlO 4 and are used as ion-exchange materials, shape-selective catalysts, petrochemical catalysts, and adsorbents. [1] [2] [3] X-type zeolites (zeolite-X; Na 86 Al 86 Si 106 O 384 · xH 2 O) are used as an adsorbent and drying agent, 1) with sales of over 1 000 t in Japan and a cost of over 7.00 US$/kg. 2, 3) According to the International Zeolite Association (IZA), zeolite-X is conventionally synthesized from sodium silicate, Na 2 SiO 3 , solution and sodium aluminate, NaAlO 2 at a temperature of 353 K and holding time of 8 h.
4)
Recently, we reported that the hydrolysis of silicon sludge in sodium hydroxide (NaOH) solution produces an aqueous solution of sodium silicate, together with the generation of hydrogen. 5) Japanese semiconductor industries dispose approximately 3 kt of silicon sludge annually, although the sludge still has a purity of 94.8 mass%. 6) Sodium aluminate is prepared by dissolving aluminum hydroxide (Al(OH) 3 ) in NaOH solution. A previous study reported that Al(OH) 3 can be precipitated from a mixture of NaOH solution and aluminum dross. 7, 8) In fact, this process produces not only Al(OH) 3 but also pressurized hydrogen without the emission of carbon dioxide. Japan produces 0.35 Mt of aluminum dross annually as a by-product during the remelting process of aluminum scrap 9) ; this aluminum dross still contains metals of ten to several tens of mass%. The low-grade dross with an Al concentration of less than 20 mass% is chemically treated as a harmless substance by various methods, such as melting in an electric arc, and subsequently, it is landfilled. This treatment is relatively expensive, i.e., it costs US$200-300/t. 10) Our idea is to use a mixture of both wastes in order to produce zeolite-X. The synthesizing of zeolite-X from silicon sludge and Al(OH) 3 from aluminum dross is very innovative for not only recycling wastes but also coproducing hydrogen and zeolite-X. However, to the best of our knowledge, no paper has so far been published on this process. In addition, we recognize that IZA's method for the synthesis of zeolite-X is by employing the Si-and Na-consuming process. It is to be noted that according to the material balance sheet provided during the synthesis of zeolite-X, 69 % of the inflowing Si and 94 % of the inflowing Na are discarded as residual liquids and are not used as raw materials (see Table 1 ). In other words, the method still has a small utilization ratio-31 % in Si and 6 % in Na-thereby caus- This paper describes the synthesis of zeolite-X from waste metals; in this synthesis, silicon sludge and Al(OH) 3 from aluminum dross are separately solved in NaOH solution, leading to the generation of hydrogen, and then mixed with the desired molar ratio to synthesize zeolite-X; and residual liquid was repeatedly used as raw material to save Si and Na sources. During the synthesis, the effect of the cyclic use of residual liquid on the property of zeolite was examined and it was compared with the product synthesized from reagents of Al(OH) 3 , Si, and NaOH. Although the original raw materials used were industrial wastes, all products showed the same XRD patterns, Si/Al molar ratio (1.0-1.5), and BET surface area (500-600 m 2 /g) as the commercially available product. The use of the residual liquid increases the utilization ratio-21.4 mol% in Si and 7.8 mol% in Na-after three times of cyclic use. Inverse manufacturing of zeolite-X was experimentally validated.
KEY WORDS: recycling; zeolite; hydrogen generation; aluminum dross; silicon sludge; inverse manufacturing. ing an operational problem in the synthesis of zeolite-X from the material flow analysis. The purpose of this study is to synthesize zeolite-X from silicon sludge and aluminum dross, and then to repeatedly use the residual liquid containing Si and sodium ions resulting from the process; during the synthesis, the effect of the cyclic use of the residual liquid on the product properties was examined. Silicon sludge and Al(OH) 3 precipitated from aluminum-dross solution were first prepared to produce sodium aluminate and sodium silicate together with the generation of hydrogen and then they were mixed to synthesize zeolite-X. Finally, the residual liquid was repeatedly used to synthesize zeolite-X. After the experiments, the products were identified from the phase, porous structure, and chemical compositions. The results provide valuable information for inverse manufacturing of zeolite-X and hydrogen and the effect of cyclic use of the residual liquid on the utilization ratio of Si and Na. Figure 1 shows the material flows in the system proposed for synthesizing zeolite-X; the synthesis is accompanied by the generation of hydrogen. In general, major compositions of aluminum dross are metallic aluminum, aluminum oxide, and aluminum nitride. When metallic aluminum in the dross reacts with water in the NaOH solution, it changes into Al(OH) 4 Ϫ ; this process is accompanied by the generation of hydrogen and solid residues, e.g., aluminum oxide. This exothermic reaction is expressed by the following thermochemical equation. Precipitated Al(OH) 3 was supplied by ITEC. Co. Ltd., Osaka, Japan; the phase of the precipitated Al(OH) 3 was identified by preliminary XRD analysis. Table 2 lists the concentrations of the impurities in Al(OH) 3 , which were obtained by performing inductively coupled plasma optical emission spectrometry (ICP-OES). We dissolved 6.67 g of Al(OH) 3 in a 3.22 M NaOH solution with a volume of 105 cm 3 , and the aluminate solution was heated at 363 K until the solution became transparent. To investigate the effect of impurities on the properties of the products, a reagent of Al(OH) 3 (99 mass%, Soekawa Chemicals) was also prepared. 
Experimental

Preparation of Solutions
Al(Al dross)ϩOH
Procedure for Synthesis
Shortly after the aluminate solution was fed into the silicate solution, the mixed solution was quickly agitated at a rate of 700 rpm by a motor with an agitating blade at room temperature for 0.5 h, and then, the solution was heated at 363 K for 0.5 h. Subsequently, to crystallize zeolite-X at stagnant conditions, the heated solution was maintained at 363 K for 8 h without agitation. The products precipitated from the solution were filtered, washed repeatedly with distilled water, and then dried overnight at 363 K. The residual liquids obtained after the filtering still had Si and Na ions and they were adjusted to the desired molar composition of Si · 1.15NaOH · 24.7H 2 O by adding silicon sludge, NaOH, and disposed parts of the solution. The adjusted solutions were repeatedly used as the silicate solution for synthesizing zeolite-X.
For phase identification, the X-ray diffraction pattern of the obtained product was obtained by using an X-ray diffractometer (XRD) using a Ni-filtered CuKa radiation. The Si/Al molar ratio of the product was also obtained by X-ray fluorescence spectroscopy (XRF). Finally, the specific surface area of the product was measured by the BET method and the concentrations of impurities in the residual liquid were measured by inductively-coupled plasma optical emission spectrometry (ICP-OES). Figure 2 shows the XRD patterns of the products after their synthesis from silicon sludge and the precipitated Al(OH) 3 for 8 h at 363 K. The numbers on the right hand side of Fig. 2 are the cyclic-use numbers of the residual liquid. Thus, for example, the 3rd signifies the XRD patterns of the product synthesized from the residual liquid obtained by filtering the 2nd product. The phases of the products obtained in this study agreed well with those of commercially available zeolite-X. The results demonstrated that zeolite-X can be successfully synthesized from silicon sludge and precipitated Al(OH) 3 obtained from the treated solution of aluminum dross, and there is no negative effect of cyclic use of the residual liquid on the phase of the product. No other phases, e.g., zeolite-A, were detected in this process; in conclusion, only zeolite-X was selectively obtained from waste metals. Figure 3 shows the XRD patterns of the products after their synthesis from the reagents of Si and Al(OH) 3 for 8 h at 363 K as a reference. The phases of the product agreed with not only commercially available zeolite-X but also that of the waste-derived products. With careful observation, we found that the peak intensities of the products are slightly higher than those of the products from silicon sludge and precipitated Al(OH) 3 . The difference in the intensity between the waste-derived products and those obtained from the reagents was probably caused by the concentrations of impurities in the raw materials. Table 4 shows the Si/Al molar ratio and the specific surface area of each product synthesized from silicon sludge and precipitated Al(OH) 3 . The Si/Al molar ratios of all the products were between 1.0 and 1.5, and therefore, the products were identified as zeolite-X by IZA. The products had a specific surface area of 500 to 600 m 2 /g. The values of the Si/Al molar ratio and the specific surface area were comparable to those of commercially available zeolite-X, which was considered as a reference. In other words, the cyclic use of the residual liquid did not affect the Si/Al molar ratio and the specific surface area of the product in this study. Table 5 provides the Si/Al molar ratio and specific surface area of each product obtained from the reagents. The Si/Al molar ratios were also between 1.0 and 1.5, and the cyclic use of the residual liquid had no effect on the products synthesized from silicon sludge and precipitated Al(OH) 3 . The specific surface areas of each product were not very different from the reference. The results indicate that despite the use of waste materials and residual liquids, the properties of the products obtained in this process are perfectly the same as those of the reference material. Figure 4 shows the effect of the cyclic use of the residual liquid on the concentration of impurities in the residual liquid after the recovery of the product from silicon sludge and precipitated Al(OH) 3 . The concentrations of potassium, calcium, and zinc in the residual liquid did not change with the cyclic number, except for boron. This indirectly signi- Table 4 . Si/Al molar ratio and BET specific surface area of the products synthesized from Si sludge and precipitated Al(OH) 3 for 8 h at 363 K. Table 5 . Si/Al molar ratio and BET specific surface area of the products synthesized from reagents for 8 h at 363 K.
Results and Discussion
fies that the three elements partially replace sodium in the general molecular structure of zeolite-X because the ions of potassium, calcium, and zinc are cations, similar to the ions of sodium in solution; in contrast boron becomes negatively charged as BO 3
3Ϫ
. Figure 5 shows changes in the concentrations of impurities after the separation of the product from the reagents. The results also suggested that potassium, calcium, and zinc replaced sodium in the molecular structure of zeolite-X. Boron remained in the solution, but its concentration was less than that in the waste-derived product, as shown in Fig. 4 . As shown in Figs. 2 and 3 , the XRD patterns of the reagent-derived products have a stronger peak than that of the waste-derived product. This was probably caused by the concentrations of boron in the solutions from a comparison between Figs. 4 and 5. However, it is to be noted that the concentrations of the three elements K, Ca, and Zn, which enter the molecular structure of zeolite-X, is less than 50 ppm in both figures. Figure 6 shows the molar utilization ratio of Si and Na, which was calculated by considering the following mass balance equation.
Here, e(Ϫ) is the utilization ratio on the molar basis and is expressed by E zeo. (mol); E zeo. (mol), amount of Si or Na in the product; E ini. (mol), the initial amount of Si or Na in the product; n (Ϫ), the number of cyclic use; and h (Ϫ), the discharging ratio of the residual liquid on a volumetric basis. The cyclic use of the residual liquid is not easy because recycling generally involves purging. To adjust the volume and composition of the residual liquid for the synthesis of zeolite-X, a part of the liquid has to be discharged. In this study, the discharged amount is 105 cm 3 from the residual liquid of 500 cm 3 . As a result, h was to be 0.21 in this case. The product synthesized from the residual liquid in the 3rd time of cyclic use showed the same properties as zeolite-X. The use of the residual liquid provides a high utilization ratio; the gain is 21.4 mol% in Si and 7.8 mol% in Na when nϭ3.
Conclusions
The synthesis of zeolite-X from waste metals with the repeated use of the residual liquid was experimentally studied. The following conclusions were derived.
(1) Zeolite-X was successfully synthesized from waste metals; that is, from silicon sludge and Al(OH) 3 precipitated from aluminum dross in a NaOH solution, after being evaluated from XRD patterns, the molar ratio of Si/Al, and BET surface area.
(2) The cyclic use of the residual liquid was very effective for saving silicon and sodium sources, with increase of utilization ratio. The cyclic use did not provide any negative effect on the properties of the products when the number of cyclic use was equal to or less than three.
(3) By using waste metals, the elements K, Ca, and Zn partially replaced Na in the molecular structure of Zeolite- . Calculated molar ratio of utilization with the cyclic number; in the calculation, the amount of accumulated Si or Na in the products was divided by the total Si or Na used in the raw materials of the residual liquid.
X. Their impurity level in the residual liquid was almost the same as that in a reagent-derived product.
The results also suggested that this method is an innovative process of zeolite-X synthesis from wastes of aluminum dross and silicon sludge, with many benefits of reducing the production cost, generating hydrogen in the pretreatment, recycling materials effectively, and reducing the total CO 2 emission.
